Introduction {#S0001}
============

Pancreatic ductal adenocarcinoma (PDAC) is the seventh leading cause of cancer-related deaths worldwide^[1](#CIT0001)^ and the fourth leading cause of cancer-related deaths in the Western countries.^[2](#CIT0002),[3](#CIT0003)^ There are many factors that are associated with the poor survival and treatment challenges of PDAC, including the lack of early detection, high risk of relapse after curative surgery, and poor response to chemotherapy, radiation, molecular targeted therapy, and immunotherapy.^[4](#CIT0004)^

While immunotherapy using anti-PD-1/PD-L1 antibodies has been shown to be effective for many types of malignancies,^[5](#CIT0005)--[9](#CIT0009)^ its activity has been limited in PDAC, except in rare cases where the tumors harbor DNA mismatched repair gene deficiencies.^[9](#CIT0009),[10](#CIT0010)^ Several factors may be related to the poor response of PDAC to immune checkpoint inhibitors. First, PD-L1 expression in tumors is an important indicator of checkpoint immunotherapy efficacy;^[11](#CIT0011),[12](#CIT0012)^ however, PD-L1 expression in PDAC varies from 16.7% to 90%.^[13](#CIT0013)--[16](#CIT0016)^ Second, the high tumor burden causes immunosuppression in patients with pancreatic cancer.^[17](#CIT0017)^ Third, almost all pancreatic cancers have non-immunogenic phenotypes.^[17](#CIT0017),[18](#CIT0018)^ Among these factors the most important one is likely related to the immunosuppressive microenvironment of PDAC.

Mechanistically, though KRAS is the most commonly mutated oncogene in PDAC. However, c-Myc, a master transcription amplifier, is also commonly overexpressed and aberrantly activated in this disease.^[19](#CIT0019)^ Targeting c-Myc for the treatment of PDAC has been an intense focus of the cancer research community.^[20](#CIT0020)^ Activation of c-Myc has been shown to stimulate the expression of PD-L1 in some cancer cells causing immune evasion.^[21](#CIT0021),[22](#CIT0022)^

JQ1 is an inhibitor of bromodomain containing four (BRD4), which is a co-activator of c-Myc transcription.^[23](#CIT0023),[24](#CIT0024)^ JQ1 has been shown to inhibit c-Myc expression and disrupt its role as a master transcriptional amplifier in cancer cells.^[25](#CIT0025)^ We investigated if PD-L1 expression is regulated by c-Myc in PDAC and if targeting c-Myc may be an effective approach to enhance the efficacy of anti-PD-L1 immunotherapy in PDAC.

Results {#S0002}
=======

Patient characteristics {#S0002-S2001}
-----------------------

The clinicopathological characteristics of 87 patients with PDAC are presented in [Table 1](#T0001). The median age was 61 years (range 35--82), 43.7% were females, and most (78%) had TNM II (39 cases) and III (29 cases) stage. Fifty-seven (65.5%) lesions were located in the pancreatic head. The median tumor diameter was 4 cm. These resections were: 49 (56.3%) pancreaticoduodenectomies, 29 (33.3%) distal pancreatectomies, and 9 (10.4%) total pancreatectomies. The R0 resection rate was 35.6%. No neoadjuvant therapy was used in any patient of this cohort.10.1080/2162402X.2019.1581529-T0001Table 1.Clinicopathologic features.  Expression of PD-L1 (n)  nHighLow*P*-ValueGender    Male49 (56.3%)16330.711Female38 (43.7%)1127 Age (years)    ≥6537 (42.5%)13240.477\<6550 (57.5%)1436 Tumor site    Head57 (65.5%)14430.072Other30 (34.5%)1317 Diameter (cm)    \<439 (44.8%)13260.676≥448 (55.2%)1434 CA 19-9 (U/ml)    \<3723 (26.4%)5180.261≥3764 (73.6%)2242 Procedure    Pancreaticoduodenectomy (PD)49 (56.3%)13360.302Distal pancreatectomy29 (33.3%)1217 Total pancreatectomy9 (10.4%)27 pT-staging    pT12 (2.3%)020.923pT236 (41.4%)1224 pT337 (42.5%)1126 pT412 (13.8%)48 pN-staging    pN035 (40.2%)12230.591pN+52 (59.8%)1537 pStage    IA1 (1.2%)100.878IB13 (14.9%)310 IIA14 (16.1%)410 IIB25 (28.7%)817 III29 (33.3%)920 IV5 (5.8%)23 Grading    G13 (3.4%)12**0.007**G267 (77.0%)1651 G316 (18.4%)97 G41 (1.2%)10 Resection margins    R031 (35.6%)11200.504R156 (64.4%)1640 Vascular invasion    Yes26 (29.9%)9170.637No61 (70.1%)1843 Postoperative chemotherapy    Yes41 (47.1%)13280.898No46 (52.9%)1432 

Correlation between PD-L1 and c-Myc expression in human PDAC {#S0002-S2002}
------------------------------------------------------------

To understand if the expression of PD-L1 correlates with the level of c-Myc in PDAC, we retrieved the tumor specimens of 87 patients with PDAC and stained them with anti-PD-L1 and anti-c-Myc antibodies. Human placenta and lung tumor tissues were used as positive controls ([Figure 1a and b](#F0001)). We found that PD-L1 was expressed in 31.0% and c-Myc was expressed in 43.7% of the tumors. The expression levels of c-Myc and PD-L1 in PDAC tissues were positively correlated at the protein level (p = 0.001; [Table 2](#T0002)). We next evaluated the correlation between PD-L1 expression and patient characteristics. We found that compared to PD-L1-negative tumors, the PD-L1-positive tumors were associated with high histological grade (p = 0.007; [Table 1](#T0001)), but not with sex, age, tumor site, CA 19--9, pT-stage, pN-stage, resection margins, vascular invasion, and postoperative chemotherapy.10.1080/2162402X.2019.1581529-T0002Table 2.Correlation between the expression of MYC and PD-L1 in PDAC. MYCSpearman's correlationPD-L1PositiveNegativeTotalrP-valuesPositive198270.3610.001Negative194160  Total384987   10.1080/2162402X.2019.1581529-F0001Figure 1.Immunostaining of PD-L1 and c-Myc in human PDAC. (a) Human placental tissue was stained with an anti-PD-L1 antibody as a positive control. Low magnification (100×) and high magnification (400×) images were obtained. The black arrow indicates positive PD-L1 staining on the cell membrane. (b) Human non-small cell lung cancer tissue was stained with an anti-PD-L1 antibody as a positive control. The left panel shows positive staining at low magnification (100×) and the right panel shows high magnification (400×). The black arrow indicates positive PD-L1 staining on the cell membrane. (c) Negative staining with an anti-PD-L1 antibody or anti-c-Myc antibody in a human PDAC tissue sample at low (100×) and high magnification (400×). (d) Positive staining with an anti-PD-L1 antibody or anti-c-Myc antibody in a human PDAC tissue sample at low (100×) and high magnification (400×). The black arrows indicate PD-L1-positive or c-Myc-positive tumor cells. Scale bar = 50 µm (red line at the bottom left).

Tumor expression of PD-L1 and c-Myc correlated with poor outcome in patients with PDAC {#S0002-S2003}
--------------------------------------------------------------------------------------

Median follow-up and overall survival (OS) was 9.6 and 11.5 months, respectively, for the entire cohort. Univariate analysis showed that the variables associated with OS included tumor site \[hazard ratio (HR) = 0.558; p = 0.044\], diameter (HR = 1.705; p = 0.049), TNM stage (HR = 3.001, 2.438, 1.611; p = 0.026, 0.001, 0.037), grade (HR = 1.981; p = 0.012), resection margins (HR = 1.986; p = 0.019; [Table 3](#T0003)). Patients with positive c-Myc expression correlated with worse OS (HR = 2.123; p = 0.006; [Table 3](#T0003); [Figure 2a](#F0002)), compared to those with negative c-Myc expression. However, PD-L1 expression (p = 0.127; [Figure 2b](#F0002)), sex (p = 0.118), age (p = 0.656), CA19-9 (p = 0.817), vascular invasion (p = 0.911), and postoperative chemotherapy (p = 0.051) are not significantly associated with OS. We further analyzed the correlation of PD-L1/c-Myc expression with clinical outcomes by dividing 87 PDAC patients into four PD-L1/c-Myc expression groups (expression of none, either, or both). Using univariate analysis, we found that PD-L1 and c-Myc double-positive tumors were associated with worse OS (HR = 4.0878, p \< 0.001; [Table 3](#T0003); [Figure 2c](#F0002)) compared to the other groups (PD-L1-positive and c-Myc-negative, PD-L1-negative and c-Myc-positive, and PD-L1 and c-Myc-double negative groups). Multivariate analysis was performed to determine if PD-L1/c-Myc expression remain independent predictors of OS ([Table 3](#T0003)). Because PD-L1/c-Myc double positive group included some of the c-Myc positive patients, only variables of PD-L1/c-Myc expression, tumor site, diameter, TNM stage, grade, and resection margins were used in the multivariate analysis. We found that PD-L1/c-Myc expression (HR = 5.87; p \< 0.001), grade (HR = 1.715; p = 0.046), and TNM stage (HR = 2.19, 2.388, 3.628; p = 0.194, 0.005, 0.005) were independent factors for prognosis ([Table 2](#T0002)).10.1080/2162402X.2019.1581529-T0003Table 3.Univariate and multivariate Cox proportional analysis for overall survival.  Univariate analysisMultivariate analysisVariablenHR95% CI*P*-valueHR95% CI*P*-valueGender       Male491     Female380.6390.364--1.1210.118   Age (years)       ≥65371     \<65500.9940.976--1.0220.656   Tumor site       Head571  1  Other300.5580.316--0.984**0.044**0.5030.198--1.2780.149Diameter (cm)       \<4391  1  ≥4481.7051.000--2.910**0.049**1.7510.948--3.2330.073CA 19-9 (U/ml)       \<37231     ≥37640.9330.520--1.6750.817   TNM Stage       I141  1  II393.0011.143--7.882**0.026**2.1390.679--6.7430.194III292.4381.462--4.066**0.001**2.3881.306--4.366**0.005**IV51.6111.030--2.521**0.037**3.6281.462--9.003**0.005**Grading       G1^a^3------------G2671  1  G3161.9811.165--3.270**0.012**1.7151.009--2.916**0.046**G4^a^1------------Resection margins       R0311  1  R1561.9861.119--3.526**0.019**1.3380.725--2.4700.352Vascular invasion       No611     Yes261.0330.582--1.8330.911   Postoperative chemotherapy       Yes411     No461.7130.998--2.9400.051   PD-L1 expression       Negative601     Positive271.4470.805--2.5980.127   c-Myc expression       Negative491     Positive382.1231.243--3.627**0.006**   PD-L1 and c-Myc expression       Other groups681  1  Double positive group194.0782.146--7.749**\<0.001**5.872.696--12.777**\<0.001**Stage I cohort       Other groups12      Double positive group^a^2------------Stage II cohort       Other groups331  1  Double positive group84.0591.453--11.340**0.008**5.7971.913--17.56**0.002**Stage III cohort       Other groups211     Double positive group82.1011.418--3.113**0.013**2.9861.110--8.031**0.009**Stage IV cohort       Other groups4      Double positive group^a^1------------[^2][^3] 10.1080/2162402X.2019.1581529-F0002Figure 2.Kaplan--Meyer plot of OS of 87 PDAC patients according to tumor expression of c-Myc and PD-L1. (a) Kaplan--Meyer plot of OS in 87 PDAC patients according to tumor expression of c-Myc. (b) Kaplan--Meyer plot of OS in 87 PDAC patients with positive or negative tumor PD-L1 expression. (c--e) The red curve indicates positive staining for both c-Myc and PD-L1 (double positive), the gold curve indicates c-Myc-negative but PD-L1-positive staining, green shows c-Myc-positive and PD-L1-negative, and blue indicates double negative. The p-values were calculated by performing a Log-rank analysis.

Prognostic value of PD-L1/c-Myc expression stratified by tumor TNM stage {#S0002-S2004}
------------------------------------------------------------------------

To further determine the prognostic value of PD-L1/c-Myc expression, patients were divided into four subgroups based on tumor TNM stage ([Table 3](#T0003)). When stratified by TNM stage, we found that in the stages II and III cohorts, patients with PD-L1/c-Myc double positive expression had worse OS compared with the other groups, both by the univariate analysis (HR = 4.059, p = 0.008; HR = 2.101, p = 0.013; [Figure 2d, e](#F0002)) and multivariate analysis (HR = 5.797, p = 0.002; HR = 2.986, p = 0.009). In addition, because only two and one patients in Stage I and stage IV cohort had PD-L1/c-Myc double positive expression, the survival analysis was not performed.

c-Myc regulates PD-L1 expression in PDAC {#S0002-S2005}
----------------------------------------

Some recent studies showed that c-Myc regulated PD-L1 expression in certain malignancies.^[22](#CIT0022),[26](#CIT0026),[27](#CIT0027)^ We investigated the expression of PD-L1 and c-Myc in five human PDAC cell lines and one murine PDAC cell line using Western blotting to determine their correlation. c-Myc was expressed at various levels in all six cell lines ([Figure 3a](#F0003)); two cell lines showed distinct PD-L1 expression, one showed faint expression, and the others showed no expression ([Figure 3a](#F0003)). The expression of PD-L1 was further confirmed with immunofluorescence ([Figure 3b](#F0003)) in three human PDAC cell lines (SW1990, BxPC-3, and CFPAC-1). Using shRNA, we found that knockdown of c-Myc significantly reduced PD-L1 expression in SW1990 and BxPC-3 cells ([Figure 3c--g](#F0003)). In addition, overexpression of c-Myc increased the expression of PD-L1 in a dose-dependent manner ([Figure 3h--j](#F0003)).10.1080/2162402X.2019.1581529-F0003Figure 3.Expression of PD-L1 is regulated by c-Myc in PDAC. (a) Immunoblotting of c-Myc and PD-L1 in PDAC cell lines. ACTB (β-actin) was used as a normalization control. (b) Immunofluorescence analysis of PD-L1 expression in PDAC cells. Scale bars, 20 µm (white line at the bottom right). SW1990 and BxPC-3 cells were transfected with negative control shRNA (NC) or shRNA-c-Myc (shRNA\#1 or shRNA\#2) and c-Myc and PD-L1 expression were evaluated by immunoblotting (c) and qPCR (d--g). BxPC-3 and CFPAC-1 cells were transfected with an empty lentiviral vector as a negative control (NC), or a vector harboring c-Myc cDNA at different concentrations (1, 2, 3 ng) and the expression of c-Myc and PD-L1 was evaluated by immunoblotting (h) and qPCR (I and J). \*p \< 0.01 versus control.

JQ1 is a BRD4 inhibitor that inhibits c-Myc activity.^[28](#CIT0028)^ As shown in [Figure 4a--c](#F0004), JQ1 treatment at 1.6, 3.2, and 4.8 nM decreased the expression of PD-L1 in SW1990 and BxPC-3 cell lines. Based on a xenograft model generated by injecting PDAC cells subcutaneously into athymic nude mice, we also found that inhibition of c-Myc by JQ1 resulted in a significant reduction in PD-L1 protein expression ([Figure 4d--g](#F0004)), indicating that the c-Myc oncogene regulates PD-L1 expression in PDAC cells both in vitro and in vivo.10.1080/2162402X.2019.1581529-F0004Figure 4.Pharmacological inhibition of c-Myc by JQ1 suppresses PD-L1 expression. Immunoblotting (a) and qPCR (b and c) were performed to evaluate the expression of PD-L1 in SW1990 and BxPC-3 cells following JQ1 treatment for 48 hours at different concentrations (1.6, 3.2, and 4.8 nM). The data represent the mean ± SD of three independent experiments. \*p \< 0.01 when compared to the control group; \#p \< 0.01 when compared to the JQ1-1.6 nM group. (d--g) BxPC-3 and SW1990 xenografts from nude mice were treated intraperitoneally with control solvent or JQ1 at 25 mg/kg body weight twice daily. Each group contained five animals. Tumor weight was then measured (d and f). Representative examples of c-Myc and PD-L1 staining using BxPC-3 (e) or SW1990 (g) tumors grown in nude mice and treated with control solvent or JQ1. c-Myc^+^ and PD-L1^+^ tumor cells are shown in brown. Scale bars, 50 µm (red line at the bottom left).

We then retrieved 177 PDAC cases from the TCGA database and investigated the correlation between the level of CD274 (PD-L1) expression and c-Myc. Consistent with our data, CD274 expression was positively correlated with c-Myc expression ([Figure 5a](#F0005)). To better understand the relationship between CD274 and c-Myc, we investigated the correlation between the mRNA expression level of PD-L1 and c-Myc-target genes,^[29](#CIT0029)^ We showed that PD-L1 expression correlated well with the expression of several c-Myc target genes including ST3GAL3, BRCA1, SOCS3 and CCNG2 ([Figure 5b--e](#F0005)). We further examined MYCN expression in PDAC and found an inverse correlation between c-Myc and MYCN ([Figure 5f](#F0005)) as well as between CD274 and MYCN ([Figure 5g](#F0005)), suggesting that MYCN may also regulate PD-L1 expression in PDAC. In addition, the majority of the 177 PDAC patients from the TCGA database (96%) had stage I or II disease (Table S1). There were no significant differences in the c-Myc and PD-L1 expression between stage I and stage II patients (29.39 ± 16.52 vs 25.92 ± 15.8, p = 0.373; 1.42 ± 1.06 vs 1.22 ± 0.89, p = 0.398). Kaplan-Meier analysis showed that low c-Myc expression was associated with significantly longer OS compared to the cases with high c-Myc expression ([Figure 5h](#F0005), cut-off value: median). However, CD274 expression (high or low; cut-off value: median) did not correlate with OS ([Figure 5i](#F0005)).10.1080/2162402X.2019.1581529-F0005Figure 5.Correlation PD-L1 expression and the expression of c-Myc target genes in PDAC. (a) Positive correlation between the expression of c-Myc and the expression of CD274 in 177 individual human PDAC specimens. (b--e) Positive correlation between the expression of c-Myc-target genes \[ST3GAL3 (b), BRCA1 (c), SOCS3 (d) and CCNG2 (e)\] and CD274 expression in 177 human PDAC samples. (f--g) Inverse correlation between MYCN expression and c-Myc/CD274 expression in 177 human PDAC samples. (h) OS in 177 PDAC patients with high (blue line) or low (yellow line) c-Myc-expressing tumors. (i) OS in 177 PDAC patients with high (blue line) or low (yellow line) CD274-expressing tumors. P-values were calculated by performing a Log-rank test.

Pharmacological suppression of c-Myc and anti-PD-L1 enhances the efficacy of immunotherapy {#S0002-S2006}
------------------------------------------------------------------------------------------

We next asked if JQ1 enhance the efficacy of anti-PD-L1 therapy. We transplanted Panc02 and MPC-83 cells to C57BL/6 and Kunming (KM) mice. Panc02 cells do not express PD-L1 in vitro, but the xenograft tumor cells express both MYC and PD-L1 ([Figure 6a and b](#F0006)). The MPC-83 cells express c-Myc and PD-L1 both *in vitro* and *in vivo* ([Figure 6a and c](#F0006)). The tumor-bearing mice were treated with JQ1 and an anti-PD-L1 monoclonal antibody (mAb), alone or in combination. As shown in [Figure 7a and b](#F0007), JQ1 and anti-PD-L1 mAb therapy alone resulted in reduced tumor growth compared to that of untreated animals. When the anti-PD-L1 mAb was combined with JQ1, the inhibition of tumor growth was synergistic compared to either anti-PD-L1 or JQ1 therapy alone, as assessed by tumor volume (p = 0.02; p = 0.011) and weight (p = 0.004; 0.008). JQ1 and the anti-PD-L1 mAb also reduced tumor cell proliferation and increased tumor cell apoptosis ([Figure 7c](#F0007) and [d](#F0007); Figure S1). Moreover, JQ1 amplified the inhibitory effect of anti-PD-L1 on tumor cell proliferation (p \< 0.001; p \< 0.001) while enhanced its induction of tumor cell apoptosis (p \< 0.001; p \< 0.001). These data suggest that JQ1 and anti-PD-L1 mAb therapy may be an effective combination therapy for PDAC.10.1080/2162402X.2019.1581529-F0006Figure 6.Expression of c-Myc and PD-L1 in PDAC *in vitro* and *in vivo*. (a) Protein levels of c-Myc and PD-L1 plot were analyzed by immunoblotting. (b--c) Panc02 cells or MPC-83 cells were subcutaneously transplanted into C57BL/6 mice or KM mice to establish pancreatic tumors. PD-L1 expression level on cultured Panc02 cells (*in vitro*) and Panc02 xenograft (*in vivo*) as shown in (b). PD-L1 expression level on cultured MPC-83 cells (*in vitro*) and MPC-83 xenograft (*in vivo*) as shown in (c). The expression of PD-L1 (mean fluorescent intensity, MFI) was analyzed by Student's t-test (right panel). Data represent the mean ± SD.10.1080/2162402X.2019.1581529-F0007Figure 7.Effect of JQ1 and anti-PD-L1 antibody on the growth of PDAC. (a) Panc02 cells were transplanted to C57BL/6 mice. When the tumor reached 100 mm^3^, tumor-bearing mice were divided into four groups and treated with JQ1 (25 mg/kg body weight) and anti-PD-L1 antibody (200 μg/mouse), either alone or in combination for 14 days. The tumors removed from each group are shown in the left panel; tumor volume (middle panel) and weight (right panel) were compared to those of the untreated control. P-values were calculated based on a Student's t-test. (b) MPC-83 cells were transplanted to KM mice. When the tumor reached 100 mm^3^, tumor-bearing mice were treated as in (a). The tumors removed from each group are shown in the left panel; tumor volume (middle panel) and weight (right panel) were compared to those of the untreated control. P-values were calculated based on a Student's t-test. (c--d) Four different groups of Panc02 xenograft tumor tissues were stained for Ki-67 (c) and TUNEL (d), and representative images are shown: (a) control, (b) JQ1, (c) anti-PD-L1 monoclonal antibody (mAb), (d) JQ1 + anti-PD-L1 mAb. Scale bars, 50 µm (red line at the bottom left). Ki-67-positive (brown) or TUNEL-positive cells (green) were analyzed by performing a Student's t-test. Data represent the mean ± SD.

Discussion {#S0003}
==========

Human PDAC is essentially a "cold" tumor and responds poorly to immune checkpoint inhibitors. The expression of PD-L1 may be a factor related to its very poor prognosis and resistance to therapy.^[13](#CIT0013),[30](#CIT0030)^ We have shown that expression of both c-Myc and PD-L1 was associated with worse outcomes in patients with PDAC compared to either markers alone, indicating that both c-Myc and PD-L1 play are in part responsible for the aggressive biology of PDAC and its poor response to immune checkpoint inhibitors.

Frequently overexpressed in PDAC, c-Myc has been also found to be highly associated with poor patient outcomes.^[31](#CIT0031),[32](#CIT0032)^ It regulates lactate dehydrogenase A (LDHA), promotes the production of lactate, and contributes to the acidification of the tumor microenvironment which likely limits the efficacy of anti-PD-L1 therapy.^[33](#CIT0033)--[35](#CIT0035)^ We have confirmed that c-Myc regulates the expression of PD-L1 in PDAC as well. And its silencing using shRNA or inhibition via JQ1 suppressed PD-L1 expression *in vitro* and xenograft models. Our results thus suggest that c-Myc inhibitors might represent potential anti-tumor immunotherapeutic agents for pancreatic cancer. Since c-Myc was shown to directly bind the promoter of PD-L1 to regulate its expression,^[22](#CIT0022)^ more studies have explored the relationship between these two proteins in human tumor cells.^[26](#CIT0026),[28](#CIT0028)^ Our data using our own patient cohort as well as the TCGA database demonstrated that c-Myc expression correlated with PD-L1 expression. We also found that expression of MYCN was correlated with PD-L1 expression based on the TCGA cohort. In addition, c-Myc/PD-L1-double positivity significantly correlated with poor outcomes in PDAC patients. Furthermore, multivariate analyses demonstrated that c-Myc/PD-L1-double positivity was an independent predictor of poor prognosis for this disease.

Combination therapy strategies are being actively investigated for overcoming the resistance and turning "non-immunogenic" (cold) neoplasms into "immunogenic" (hot) neoplasms.^[17](#CIT0017),[35](#CIT0035),[36](#CIT0036)^ Several groups have studied various approaches including combining anti-PD-1/PD-L1 therapy with other treatment methods such as surgery, chemotherapy, radiotherapy, molecular targeted therapy, or other immunotherapies.^[17](#CIT0017)^ JQ1 is an inhibitor of the epigenetic modifier protein BRD4,^[37](#CIT0037)^ which is a transcriptional regulator that controls the expression of c-Myc.^[20](#CIT0020),[38](#CIT0038)^ JQ1, an inhibitor of c-Myc, has been shown to exert a potent inhibitory effect on PDAC cells.^[28](#CIT0028)^ JQ1 is currently being tested in several clinical trials.^[39](#CIT0039)^ Our study showed that either JQ1 or anti-PD-L1 mAb alone significantly inhibited tumor growth. However, the combination of both agents resulted in a synergistic effect.

In summary, our data demonstrate that PD-L1 expression correlated with c-Myc expression in PDAC and may serve as prognostic predictors clinically. In addition, the combined inhibition of both molecules may be an effective therapeutic approach for PDAC and worth further investigations.

Materials and methods {#S0004}
=====================

Patients and tissue samples {#S0004-S2001}
---------------------------

Human pancreatic cancer samples were collected from patients undergoing surgery at Fujian Medical University Union Hospital, Fuzhou, China, from November 2010 to April 2017. All patients received surgery and had histologically confirmed PDAC. Patients with neoadjuvant treatment, inflammatory diseases or active infection were excluded. A total of 87 patients who had been diagnosed with PDAC were enrolled in the study. Data collected and evaluated included sex, age, tumor site, tumor diameter, CA19-9, TNM stage, grade, resection margins, vascular invasion, and postoperative chemotherapy. The stage of each patient was assessed based on the American Joint Committee on Cancer version 7 (AJCC 7). R0 resections were assumed if all tumor-free margins were at least 1 mm wide. Informed consent was obtained before sample collection. The study was approved by the Committee for the Ethical Review of Research, Fujian Medical University Union Hospital (No. 2016-ZQN-34). Formalin-fixed paraffin-embedded samples were obtained for immunohistochemistry analysis.

Cell lines, mice, and reagents {#S0004-S2002}
------------------------------

The murine PDAC cell line Panc02 and MPC-83, syngeneic to C57BL/6 mice and Kunming (KM) mice, were obtained from Shanghai Aolu Biological Technology Co. Ltd (Shanghai, China). Human pancreatic cancer cell lines including PANC-1, BxPC-3, SW1990, CFPAC-1, and AsPC-1 were obtained from the Cell Bank, Chinese Academy of Sciences (Shanghai, China). All cell lines were genotyped for identification by the Cell Bank, Chinese Academy of Sciences and were tested to rule out mycoplasma contamination. Cells were treated with 1.6, 3.2, and 4.8 nM JQ1 (HY-13030, MedChemExpress, MCE) for 2 days before harvesting for protein and mRNA expression assays.

For *in vivo* studies, animal experiments were approved by the Ethics Committee for Animal Research of Fuzhou General Hospital of Chinese PLA Nanjing Military Command. Male athymic nude (BALB/c-nu) mice, 4--5 weeks of age, male C57BL/6 mice, 5 weeks of age, and male KM mice, 5 weeks of age, were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The xenograft model was established in accordance with our previously described protocol.^[40](#CIT0040)^ SW1990 and BxPC-3 xenografts from nude mice were treated with control solvent (10% hydroxypropyl β-cyclodextrin in water) or JQ1 (five mice, respectively). JQ1 injections were performed intraperitoneally (i.p; 25 mg/kg, twice daily per mouse) for 14 days. Panc02 cells or MPC-83 cells were subcutaneously implanted into 32 C57BL/6 mice or 32 KM mice. When the tumor reached 100 mm^3^, tumor-bearing mice were randomly divided into four groups. Then, tumor-bearing mice were treated with control solvent, JQ1 (25 mg/kg, twice daily i.p.), an anti-PD-L1 (mAb; 200 μg/day i.p., Clone No. 10F.9G2, BioXcell), or JQ1 + anti-PD-L1 mAb. After 2 weeks of treatment, mice were sacrificed, and tumors were removed and weighed.

Oligonucleotide transfection {#S0004-S2003}
----------------------------

c-Myc short hairpin RNA (shRNA), cDNA encoding the whole sequence of c-Myc, and respective negative control vectors were obtained from Genepharma; sequences are shown in Supplementary Table 2. Oligonucleotide transfection was performed using the Lipofectamine 3000 reagent (Invitrogen) and transfection was performed according to the manufacturers' recommendations.

Antibodies and immunoblotting {#S0004-S2004}
-----------------------------

Anti-PD-L1 (E1L3N, \#13684) was obtained from Cell Signaling Technology and the anti-c-Myc antibody (Y69) was from Abcam (ab32072). Western blotting for PD-L1 and c-Myc in pancreatic cancer cells was performed using methods described previously.^[40](#CIT0040)^

Immunohistochemistry (IHC) {#S0004-S2005}
--------------------------

Immunohistochemical analysis was performed as previously described.^[41](#CIT0041)^ PD-L1 was detected in the cytoplasm and on the cytomembranes of tumor cells, whereas c-Myc was detected in the nucleoplasm of tumor cells. Sections of human placenta and lung cancer tissue were used as positive controls ([Figure 1a and b](#F0001)). PD-L1 status was defined as positive if ≥40% of tumor cells exhibited cytosolic staining of any intensity. c-Myc status was analyzed based on histopathological scoring, as described by Warner et al.,^[42](#CIT0042)^ and status was defined as positive based on a score ≥4. All specimens were evaluated by two pathologists who were blinded to the patients' clinical information.

Immunofluorescence {#S0004-S2006}
------------------

Immunofluorescence assays were performed to identify the location of PD-L1 in pancreatic cancer cells, as previously described.^[43](#CIT0043)^

Quantitative PCR (qPCR) {#S0004-S2007}
-----------------------

*c-Myc* and *PD-L1* mRNA was measured by qPCR using SYBR Premix Ex Taq (Takara, Dalian, China) and normalized to *β-actin* expression. The qPCR reactions were performed using an ABI Stepone plus Real-Time PCR System (Applied Biosystems). The primer sequences are listed in Supplementary Table 3.

Flow cytometry analysis {#S0004-S2008}
-----------------------

The PD-L1 expression on murine PDAC cells was determined by flow cytometry after staining with anti-mouse specific PD-L1 antibody conjugated with APC (17-5983-42, MIH1, eBioscience).

The cancer genome atlas (TCGA) data analysis {#S0004-S2009}
--------------------------------------------

RNAseq and clinical data from 177 patient samples, defined by the TCGA pathologist as PDAC, were obtained from the TCGA Data Portal (<https://tcga-data.nci.nih.gov>). All data were downloaded from the November 22, 2017 standard dataset. For RNAseq data, expression levels were TPM-normalized and ENSG-ID transformed.

Statistical analysis {#S0004-S2010}
--------------------

Quantitative data were expressed as the mean ± standard deviation (SD) and analyzed based on variance and Student's t-tests. Chi-square tests were performed to compare PD-L1 expression and clinical features. Spearman's rank correlation was evaluated to determine the correlation between PD-L1 and c-Myc expression at the protein level. OS was measured from the date of diagnosis to the day of death from any cause or the last censored follow-up. Survival analysis methods were similar to those previously described.^[13](#CIT0013)^
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###### Supplemental Material

[^1]: These authors contributed equally to this work.

[^2]: Abbreviations: HR, hazard ratio; CI, confidence interval;

    Other groups: MYC and PD-L1 double negative group, MYC positive and PD-L1 negative group, and MYC

    negative and PD-L1 positive group

    Double positive group: MYC and PD-L1 double positive group

[^3]: ^a^Because small number of cases in these groups, the survival analysis was meaningless.
